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Abstract 24 
To tackle the high prevalence of lameness, techniques to monitor cow locomotion are 25 
being developed in order to detect changes in cows’ locomotion due to lameness. 26 
Obviously, in such lameness detection systems, alerts should only respond to 27 
locomotion changes that are related to lameness. However, also other environmental 28 
or cow factors can contribute to locomotion changes not related to lameness and 29 
hence, might cause false alerts. In this study the effects of wet surfaces, dark 30 
environment, age, production level, lactation and gestation stage on cow locomotion 31 
were investigated. Data was collected at ILVO research farm (Melle, Belgium) during 32 
a 5 month period. The gait variables of thirty non-lame and healthy Holstein cows were 33 
automatically measured every day. In dark environments and on wet walking surfaces 34 
cows took shorter, more asymmetrical strides with less step overlap. In general, older 35 
cows had a more asymmetrical gait and they walked slower with more abduction. 36 
Lactation stage or gestation stage also showed significant association with 37 
asymmetrical and shorter gait and less step overlap probably due to the heavy calf in 38 
the uterus. Next, two lameness detection algorithms were developed to investigate the 39 
added value of environmental and cow data into detection models. One algorithm 40 
solely used locomotion variables and a second algorithm used the same locomotion 41 
variables and additional environmental and cow data. In the latter algorithm only age 42 
and lactation stage together with the locomotion variables were withheld during model 43 
building. When comparing the sensitivity for the detection of non-lame cows, sensitivity 44 
increased by 10% when the cow data was added in the algorithm (sensitivity was 70% 45 
and 80% for the first and second algorithm resp.). Hence, the number of false alerts of 46 
lame cows that were actually non-lame, decreased. This pilot study shows that using 47 
knowledge on influencing factors on cow locomotion will help in reducing the number 48 
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of false alerts for lameness detection systems under development. However further 49 
research is necessary in order to better understand these and many other possible 50 
influencing factors (e.g. trimming, conformation) of non-lame and hence ‘normal’ 51 
locomotion in cows. 52 
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Implications 57 
Lameness detection in dairy cattle is based on changes in locomotion variables of 58 
walking cows compared to the normal walk of this specific cow. However, this study 59 
shows that gait variables can also vary due to environmental (e.g. whether or not the 60 
walking surface is wet) or cow factors (e.g. gestation stage or growth of the calf). When 61 
implementing these influencing factors in the detection algorithms for lameness, the 62 
number of false alerts for lameness in non-lame cows decreased.  63 
 64 
Introduction 65 
During the last decades, the dairy industry has intensified in terms of keeping more 66 
cattle on fewer farms and more animals per caretaker. Consequently, the farmer’s time 67 
to monitor all individual cows drastically decreased. Sensors are being developed to 68 
support the farmers in their daily tasks, especially by monitoring the cows’ health so 69 
farmers can apply proper treatment or make thorough management decisions. As 70 
lameness is one of the most costly health problems in dairy cows also technology to 71 
detect lame cows is being investigated. Several sensor have been tested for their 72 
4 
 
ability to register cow locomotion variables that are related to lameness; e.g. weight 73 
distribution (Pastell and Kujala, 2007), gait pattern (Maertens et al., 2011) or posture 74 
pattern like arching of the back (Van Hertem et al., 2014) (Van Nuffel et al., 2015). 75 
Such lameness detection systems are based on the assumption that the lameness-76 
relevant-variables change when a cow develops lameness e.g. shorter step length or 77 
more arching of the back. Next, these locomotion variables are combined in an 78 
algorithm that is used to alert the farmer if a cow shows a significant change in the 79 
variable and hence is becoming lame. However, not all changes in locomotion 80 
variables are related to lameness.  81 
Indeed, several environmental factors such as flooring features are shown to alter 82 
locomotion characteristics. Phillips and Morris (2000) found that cows showed a 83 
different walking pattern on dry versus wetted concrete. The cows in their study 84 
reduced the arcs of the hind limbs on wet concrete suggesting the cows found a wet 85 
floor more slippery compared to dry concrete floor. The presence of slurry, particularly 86 
deep slurry, reduced the walking speed of cattle and altered their limb conformation 87 
during the support phase, giving them a different walking pattern from cows on dry or 88 
wetted concrete, probably to reduce the risk of slipping (Phillip and Morris, 2000). Cows 89 
studied by Telezhenko and Bergsten (2005) walked with longer strides and steps, but 90 
without speed difference on a continuous rubber floor compared to a slatted floor 91 
covered with rubber. Also, the acceleration of the legs was found to be lower on rubber 92 
flooring compared to concrete, indicating a smoother walking pattern (Chapinal et al., 93 
2011). The most impaired walking pattern was found on slippery concrete floor 94 
resulting in lower speed, shortened strides and a negative overlap. Similar results were 95 
also reported in the study by Rushen and De Passillé (2006), where a thin layer of 96 
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slurry increased the slipping frequency and the number of strides, while it decreased 97 
the speed. These authors suggested that increasing the compressibility of the walk 98 
surfaces can improve cow locomotion independent of the roughness of the surface. 99 
For cows to walk normally, the optimal coefficient of friction has been reported to be 100 
between 0.4 N/N and 0.5 N/N (Phillips and Morris, 2001). Lower coefficients of friction 101 
cause cows to walk ‘stiffer and less confident’, i.e. quicker with shorter steps and less 102 
range of motion (van der Tol et al., 2005). Higher coefficients of friction have been 103 
associated with longer swing phases combined with long strides to reduce friction 104 
(Phillips and Morris, 2001). Phillips et al. (2000) reported that the optimal light intensity 105 
for normal walking lies between 39 and 119 lux. The cows in their study were found to 106 
take shorter but quicker steps in a dark environment to increase their stability.  107 
In addition, Van Nuffel (2014) showed that the majority of the variation in walking 108 
variables is attributed to differences between cows (> 97 %) compared to within cows 109 
(< 3 %) suggesting that cow specific features can influence gait. These results were 110 
also found in Telezhenko (2009). Locomotion score has been reported to increase with 111 
age (Ward, 1999; Manske et al., 2002; Bicalho et al., 2008). As the size of the udder 112 
increases with age – reasonably independently of milk production –, the more bulky 113 
udders of mature cows can force the hind legs to circumvent the udder, preventing free 114 
movement of the hind legs (Greenough et al., 1981; Boelling and Pollot, 1998) limiting 115 
their strides and steps (Van Dorp et al., 2004; Telezhenko and Bergsten, 2005). 116 
Several researchers reported a significantly change in abduction of the hind legs 117 
caused by the change in volume of the udder (Flower et al., 2006; Chapinal et al., 118 
2009; O’Driscoll et al., 2010; O’Driscoll et al., 2011). Especially during early (O’Driscoll 119 
et al., 2010) and peak lactation, disruption from normal locomotion is caused by 120 
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swinging of the hind legs around the distended udder to reduce the possible discomfort 121 
associated with increased milk accumulation (Gleeson et al., 2007). Blackie et al. 122 
(2011) could not find any difference in stride length (both in front and hind limbs) or 123 
tracking up between week 1, 6 and 12 of lactation. Flower et al. (2006) showed that 124 
cows walk with longer strides, higher stride heights, shorter stride duration and faster 125 
walks after milking compared to before milking. This might be either due to their high 126 
motivation to go back to the barn or pasture for feeding, or to the different weight carried 127 
between the hind legs because of less udder distension after milking. Subjective 128 
assessment of tracking up and reluctance to bear weight also improved after milking. 129 
In their study on the effect of once or twice-daily milking on udder firmness Tucker et 130 
al. (2004) could not find a decrease in stride length caused by discomfort for cows with 131 
different udder firmness while walking towards the milking parlour.  132 
In addition, Chapinal et al. (2009) suggested that the state of late pregnancy also needs 133 
to be considered when studying the walking pattern of cows as the weight of the fetus 134 
might influence how cows distribute their weight between their legs and hence 135 
influences how cows walk. After calving, a decrease in gait asymmetry was found 136 
together with an increase in arching of the back. In the first week after calving, cows 137 
often appear to be walking stiffer which may be attributed to discomfort in the 138 
hindquarters following calving (Blackie et al., 2011). 139 
All above-mentioned influencing factors of age, lactation stage, milking or gestation 140 
stage seem to be closely associated with the changes in volume and firmness of the 141 
udders. The only study on the variation of udder volume during gestation and lactation 142 
was found in goats (Linzell, 1965). The rate of mammary growth was highest in late 143 
pregnancy, probably due to an increase in extracellular fluid in the udder at term (in 144 
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average doubling in the last 6 weeks). Udder volumes decreased drastically after 145 
milking after which an increase reoccurs until the next milking.  146 
Finally, the motivation to walk away from an aversive stimulus (impatient milker or 147 
dominant cow) or towards food may also influence cow walking pattern in terms of 148 
speed related variables (Herrmann, 1997). Carvalho et al. (2007) reported that trimmed 149 
cows had a more confident and stable walk. This was confirmed by Aoki et al. (2006) 150 
who quantitatively indicated that walking characteristics improved after trimming by 151 
increasing walking rate, step length and stepping rate. Limb angles also showed less 152 
‘on tiptoe’ locomotion after trimming. Maertens et al. (2011) illustrated that the effect of 153 
‘routine’ trimming on the gait of cows was similar to that of a lesion and the associated 154 
treatment. Such change in walking might indeed be caused by the increased sensitivity 155 
of the hoof by removing the excessive hoof horn (Dyer et al., 2007) or might be caused 156 
by slow changes in walking due to the development of long toes prior to the hoof 157 
trimming, leading to recovery of the normal speed and symmetry in stance time and 158 
step length within a few days. However, in a study of Chapinal et al. (2010), cows 159 
exhibited either no change or deterioration in walking after trimming.  160 
Also, other disease-related causes such as mastitis or abomasal displacement might 161 
influence cow locomotion due to a general feeling of sickness or painful body parts 162 
(e.g. painful udder for mastitis) (Milne et al., 2003; Leslie and Pettersson-Wolfe, 2012; 163 
Fitzpatrick et al., 2013). As such, monitoring changes in cow locomotion might be of 164 
added value for the detection systems for other disease besides lameness.  165 
As literature shows that cow and/or environmental factors do change the locomotion 166 
in non-lame cows, such changes might result in false alerts to the farmer. The 167 
percentage of false alerts for non-lame cows in lameness detection systems under 168 
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development range from less than 5 % to 24 % (based on the papers reviewed in Van 169 
Nuffel et al. 2015), which would result in 25 to 125 of non-lame cows that are falsely 170 
alerted as lame every day in a herd of 500 cows. Such high numbers of cows that are 171 
falsely alerted as lame are not feasible in practice and would drastically reduce the 172 
confidence of the farmer in any lameness detection system. Hence, possible 173 
approaches to reduce the number of false alerts should be investigated.  174 
One approach to reduce the number of false alerts is to take non-disease related 175 
factors that can change the cow locomotion into account in a detection algorithm. 176 
Based on the review of Van Nuffel et al. (2015), the majority (79 %) of the studies on 177 
lameness detection systems do not include any environmental or cow factor into the 178 
algorithm. Only those studies that used a combination of available sensor data that 179 
was present on farm (e.g. milk yield and other milking data, feeding behavior data), 180 
include some form of cow-related factors into their detection algorithm. However, 181 
performance of the algorithms do not seem to be improved compared to algorithms 182 
using solely locomotion variables. 183 
To further improve the performance of lameness detection systems by reducing the 184 
number of false alerts for non-lame cows, the following research questions were 185 
investigated: (1) Do environmental (wet walking surface, dark environment) and/or cow 186 
related factors (age, parity, production level, lactation and gestation stage) affect the 187 
locomotion of non-lame cows? And if so, (2) can the number of false alerts be 188 
decreased by including these influencing factors into the detection algorithms? The 189 
latter will be investigated by comparing the performance of two detection algorithms: 190 
one solely based on cow-locomotion data and a second algorithm, based on cow 191 
locomotion data combined with additional cow and environmental data. 192 
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Materials and methods 193 
Experimental set-up  194 
Data for this experiment was collected at ILVO research farm (Melle, Belgium) where 195 
the Holstein Friesian cows were housed in a deep litter barn with straw bedding and 196 
had access to pasture from approximately mid of April until the end of November. The 197 
cows were milked twice a day in a 2 x 3 auto-tandem milking parlour. The average milk 198 
yield was about 9000 litre per cow per year. In the retour alley after the milking parlour, 199 
the locomotion of individual cows was measured using the Gaitwise after milking 200 
(Maertens et al., 2011). Gaitwise measures spatial (e.g. step length), temporal (e.g. 201 
stance time) and force related gait variables of claw-floor interactions of cows walking 202 
over the measurement zone. The ten gait variables measured by the Gaitwise system 203 
are summarised in Table 1 and were calculated as explained in Maertens et al. (2011).  204 
Simultaneous to the Gaitwise measurements, video recordings were stored for 205 
locomotion scoring of the cows by a trained observer (K = 0.85). For locomotion 206 
scoring, a list of frequently used lameness attributes was used: non flexible joint 207 
movement, tender placement of the hoofs, arched back, low speed, irregular footfall in 208 
time or place, tracking up, abduction and head bobs. Finally, the locomotion was 209 
scored as ‘non-lame’ when the cow did not show any of these lameness attributes 210 
(locomotion score 1); ‘mildly lame’ if a lameness attribute was present (locomotion 211 
score 2) and as ‘severely lame’ if a single lameness attribute showed a clear 212 
impediment in locomotion or multiple lameness attributes were present (locomotion 213 
score 3) (Van Nuffel et al., 2009). In order to have useful video footage, artificial lighting 214 
was present during the measurements. Locomotion scoring was performed on the 215 
videos acquired on Mondays and Thursdays.  216 
10 
 
All cows were motivated to return to the pasture or barn to find food. The cows were 217 
used to the Gaitwise system and were visually observed to walk over it in an 218 
undisturbed way. The cow and environmental factors considered in this study are 219 
summarized in Table 2. The factors ‘wet walking surface’ and ‘dark environment’ were 220 
recorded by the observer based on the video footage. All other factors were obtained 221 
from the farm records. Data were collected during the summer for a measuring period 222 
of 5 months. 223 
Cows 224 
Experiment 1 225 
For the first experiment, only cows that did not show any signs of lameness during the 226 
5 month measuring period were selected according to the following criteria: (1) not 227 
reported for mastitis, lameness or any other health problem during the measurement 228 
period by the animal care taker and farm records; (2) scored as ‘non-lame’ by the 229 
trained observer during the measurement period and (3) not trimmed during or 14 days 230 
before the measurement period. Based on these criteria, measurements of 30 cows 231 
were withheld for further analyses. To avoid possible confounding effects associated 232 
with morning versus evening milking routine, only morning measurements were 233 
considered. Selection according to this criteria resulted in a total of 951 measurements 234 
(from 30 cows, over a period of 5 months with an average of 2 measurements a week 235 
due to the frequency of locomotion scoring). Within this group, 12 cows were in their 236 
first parity, 6 were in their second parity and 12 were in the third or higher parity. 237 
Experiment 2 238 
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To check the effect of cow and environmental factors on the performance of a 239 
lameness detection model, 100 cow measurements for every lameness status (n=300) 240 
were randomly selected during the 5 month measurement period. The lameness status 241 
of these 100 non-lame, 100 mildly lame and 100 severely lame cows were based on 242 
the videos that were scored by the trained observer.  243 
Statistical analysis 244 
Experiment 1 245 
To determine the effect of environmental and cow data on the gait variables 246 
(dependent variables), linear mixed models were built with time as repeated variable 247 
within subject cow to correct for repeated measurements on each cow. The covariance 248 
between the repeated measurements was modelled using the Autoregressive structure 249 
(AR1). Rain, darkness, age, parity, production, days in milk (DIM) and gestation stage 250 
were added as independent variables (see Table 1). First, univariate associations were 251 
tested. Statistical significance in this step was assessed at P < 0.25. Next, Pearson 252 
correlations between all significant variables were calculated to discover 253 
multicollinearity. As expected, high correlations were found between age and parity (R² 254 
= 0.83), between DIM and gestation stage (R² = 0.69) and between milk production 255 
and DIM (R² = 0.72) and gestation stage (R² = 0.65), respectively. Age and DIM were 256 
withheld to be tested in further model building when combinations of these variables 257 
were significant in the univariate analyses. In the next step, multivariate models were 258 
fit for all dependent variables using a backwards stepwise regression. Statistical 259 
significance was assessed at P < 0.05. Least squares means were calculated to report 260 
mean values and standard deviations in tables. Finally, model fitting of the final models 261 
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was done by visual inspection of the normal probability plots of the residuals. All 262 
analyses were performed in SAS 9.4 (SAS Institute Inc, NC, USA).  263 
Experiment 2 264 
In the second experiment, two lameness detection algorithms were developed. Mildly 265 
lame and severely lame cows were grouped together in a lame-cow group. The first 266 
algorithms was solely based on gait variables as measured by the Gaitwise, the second 267 
algorithm was based in the gait variables combined with cow and environmental 268 
variables that had a significant effect on cow locomotion in the first experiment. The 269 
gait variables for the first model were selected using a general linear model. Significant 270 
variables were then used to construct a linear discriminant analysis (LDA) model to 271 
predict the lameness status. Similarly, the second LDA model was constructed by 272 
adding extra environmental and cow data to the selected significant gait variables 273 
using a general linear model. All statistical analyses were performed using SAS 274 
(version 9.4, SAS Institute Inc., NC, USA). 275 
 276 
Results 277 
Experiment 1 278 
On average 31.7 ± 8.6 measurements were successfully collected per cow during the 279 
measurement period. 280 
The factors associated with the specific gait variables included in the final model are 281 
summarised in Tables 3, 4 and 5. Darkness significantly increased the asymmetry in 282 
step length and step overlap in the final model. In rainy weather, cows took shorter and 283 
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more asymmetrical steps. In general, older cows had a more asymmetrical gait and 284 
they walked slower, with more abduction. Parity showed a significant increase in 285 
asymmetry in step length. Lactation stage, calculated as days in milk, showed 286 
significant association with more asymmetric step lengths and shorter steps, and less 287 
step overlap. As illustrated in Figure 1, step overlap decreased with increasing number 288 
of days in milk and became negative towards the end of the lactation. Cows with a 289 
negative step overlap place their hind limbs after the imprint of the fore limb that has 290 
just been lifted, hence, there is no step overlap. As every cow has her own way of 291 
walking, there is a large variation in the regression lines for the step overlap as a 292 
function of DIM for the different cows, as can be seen in Figure 2.  293 
Experiment 2 294 
From the randomly selected cows, lactation stage data of 4 cows was missing (1 mildly 295 
lame cow and 3 severely lame cows), hence these cows were omitted from this 296 
experiment resulting in 296 measurements. The variables that were selected during 297 
the modelling procedure for the first model using solely the gait variables were 298 
asymmetry in stride length, asymmetry in stance time and asymmetry in stride time 299 
together with stride length, stance time, step overlap and abduction. In the second 300 
model all cow and environmental factors were added to the dataset, but only lactation 301 
stage (DIM) and age were withheld by the algorithm during model building. The results 302 
of both the algorithm using solely gait variables and the results of the algorithm that 303 
combines gait variables with cow-factors are summarised in Tabel 6 and 7 respectively. 304 
 305 
 306 
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Discussion 307 
In the present study, the effect of environmental and cow related factors on locomotion 308 
variables acquired for non-lame, healthy cows was investigated. A dark environment 309 
was found to have a significant influence in terms of more asymmetry in step length 310 
and less step overlap compared to locomotion during natural day light. Although the 311 
light intensity of the artificial light that was present during dark periods was not 312 
measured, these results suggest that more artificial light might be needed for the cows 313 
to show similar walking behaviour as performed during natural daylight. In rainy 314 
weather and hence on wet walking surface, cows did take shorter and more 315 
asymmetrical steps compared to non-rainy weather. Based on the video footage, cows 316 
were noticed to walk slowly with their head down in the rainy and windy weather. Based 317 
on these observations, the shorter and more asymmetrical strides can explain their 318 
adaptations to a slower and more cautious locomotion to reduce the risk of slipping or 319 
the lower motivation to walk through rainy and windy weather. The present results are 320 
in line with those of the studies of Phillips and Morris (2000) and van Der Tol et al. 321 
(2005), in which wet or slippery surfaces were significantly associated with reduced 322 
speed assuming that the rainy weather condition in this study, did change the 323 
slipperiness of the rubber flooring of the measurement zone. 324 
Older cows walked slower, with more abduction and in general more asymmetry 325 
compared to the younger and hence more agile cows. Although udder size was not 326 
measured in this study, the reduction in speed and step overlap and the increase in 327 
abduction with increasing age can – besides the decrease in agility of older cows – 328 
most likely be attributed to an increase in udder size with age, as reported by other 329 
researchers (Boelling and Pollot, 1998; Telezhenko and Bergsten, 2005). Larger 330 
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udders might force cows to swing their hind legs around the udder resulting in more 331 
abduction and larger udders might also hinder the hind legs in the forward movement 332 
resulting in shorter steps with the hind legs and hence, less step overlap.  333 
Due to the high correlation of production level with DIM and gestation stage, production 334 
was not withheld in the final model. During univariable testing however, both stride 335 
length and step overlap were significantly decreased with increased production. Under 336 
the assumption that the size of the udders is positively correlated with the production 337 
level, the shorter strides and less step overlap could be assigned to the larger udders. 338 
In literature, however, no clear evidence can be found between production level and 339 
size of the udder. Also, measurements were specifically performed after milking to 340 
prevent possible impacts of the filling of the udder on the locomotion of the cows. 341 
Increasing lactation stage, calculated as days in milk, showed significant associations 342 
with more asymmetrical and shorter strides with less step overlap compared to earlier 343 
in lactation. Again, these finding could be allocated to the udder size although no 344 
measurements were performed with full udders or during peak lactation (as most cows 345 
are used for feeding experiments during the first months of lactations and hence are 346 
housed in a barn where no Gaitwise measurements could be performed). However, 347 
due to the high correlation between lactation stage and gestation stage (R² = 0.69), 348 
the stage of gestation might be a better explanation for the more asymmetrical, shorter 349 
– and hence slower – locomotion with less step overlap. The presence of a growing – 350 
and hence heavier – foetus in the uterus of the cows can hinder the gait of the cows, 351 
mainly the step overlap. Step overlap even tended to be negative during the last 352 
months of the gestation, meaning that the imprints of the hind legs did not reach the 353 
imprints of the front legs (Figure 1). Even though – except for one cow – step overlap 354 
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in every cow declined towards the end of the gestation period, a large variation 355 
between cows was noticed (Figure 2). Only 3 % of the variation in step overlap could 356 
be explained by DIM, so other influencing factor – besides those included in this study 357 
– should be accounted for. One possible explanation might be that cows tend to walk 358 
more carefully towards the end of the gestation. Carrying weight has been linked to 359 
slower and shorter strides in equine and human gait (Martin and Nelson, 1986; Pascoe 360 
et al., 1997; Wincler et al., 2001). Hence, the presence of heavier calves by the end of 361 
the gestation period might be the explanation for the slower and more asymmetrical 362 
locomotion towards the end of the lactation (cfr. gestation), as suggested by Chapinal 363 
et al. (2009). In the majority of pregnancies in dairy cattle, the foetus is carried in the 364 
right uterine horn. Also, more calves in these right-sided pregnancies are male and 365 
thus often heavier than those in the left horn (Foote et al., 1959; Morrow et al., 1968; 366 
Giraldo et al., 2010; Gharagoslou et al., 2013). Unequal distribution of extra weight 367 
during pregnancies might indeed induce a more asymmetric gait.  368 
Cows in early lactation enrolled in this study did show less asymmetry in their stride 369 
lengths compared to further in lactation, which might be similar to the decrease in 370 
asymmetry and arching of the back after calving that was found in the study of Chapinal 371 
et al. (2009). However, no analysis on the difference in asymmetric gait variables 372 
before versus after calving of individual cows was done in this study due to the lack of 373 
gait data before calving (dry cows are housed in different barn) and data after calving 374 
as most of the cows where enrolled in feeding experiments after calving and could 375 
therefore not measured by the Gaitwise. As the Gaitwise system is based on 376 
measurements of claw-floor variables, no automated measurements of arched back 377 
were performed.  378 
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As several cow and environmental factors that were selected into the final model 379 
influence the locomotion of non-lame cows, a pilot study was performed to investigate 380 
the effect of adding these influencing factors to a lameness detection system on the 381 
number of false alerts. This added value was investigated by comparing the 382 
performance of two lameness detection models: One using solely the measured gait 383 
variables and a second one using the measured gait variables combined with the 384 
influencing factors of experiment 1. During the Linear Discriminant analysis using 385 
solely the cow gait variables, three variables of asymmetry (in stride length, stride time 386 
and stance time) and stride length, step overlap and abduction were withheld for model 387 
building. Out if the 100 non-lame cows based on the reference scoring of the trained 388 
observer, 29 cows were misclassified as lame by the model (Table 6).  389 
When also the cow and environmental data were added to the dataset for model 390 
building, 10 non-lame cows that were falsely alerted as lame by the first model, were 391 
now correctly scored as non-lame resulting in an increase in sensitivity for the 392 
classification of non-lame cows from 71% to 81% (Table 6 and Table 7). In the second 393 
model, only lactation stage (DIM) and age were withheld as additional variables to the 394 
measured gait variables. Similar to the approach used in the first experiment, both 395 
gestation stage and parity were not used in this model due to the high correlation with 396 
lactation stage and age resp. Due to the lack of any relation between production and 397 
cow-gait variables, also production was omitted from the dataset. None of the 398 
environmental variables (wet surface or dark environment) seemed to be of added 399 
value based on this pilot study. Hence, in this pilot study, adding information on the 400 
lactation stage and the age of the cows decreases the number of false alerts. However, 401 
other approaches to combine environmental and cow factors into a model with 402 
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lameness-related-variables might be more suited as the correlation between these 403 
variables within cows should be taken into account during model building.  404 
Conclusion 405 
The effect of cow and environment factors on the gait variables of non-lame, healthy 406 
cows has been investigated using measurements of 30 cows during 5 months. Cows 407 
tend to walk with smaller strides, less step overlap and more asymmetry in stride length 408 
towards the end of the lactation or the end of the gestation and when they get older. In 409 
dark environments and on wet walking surfaces cows took shorter, more asymmetrical 410 
strides with less step overlap. During model building, age and lactation stage were 411 
withheld into the model based on cow locomotion variables and the sensitivity for 412 
detecting non-lame cow increased from 71% to 81%.  Hence, the number of false alerts 413 
of lame cows that were actually non-lame, decreased.  414 
The tested factors of this pilot study were limited and a follow up study with more factors 415 
and more cows, during all days of lactation and gestation could provide more 416 
information about the influence of these factors on cow locomotion.   417 
 418 
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Figure captions 556 
Figure 1 Scatter plot and regression line for Step Overlap (m) against DIM (Days In 557 
Milk) (not corrected for clustering). 558 
 559 
Figure 2 Regression lines for every individual cow based on Step Overlap (m) against 560 
DIM (Days In Milk). 561 
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Tables 575 
Table 1. Definitions of the gait variables as measured by the Gaitwise system (Maertens et al., 2011) 576 
Name (unit) General definition* 
Stride length (m) Distance between two consecutive imprints of the same hoof 
Stride time (s) Time between two consecutive imprints of the same hoof 
Stance time (s) Time that the hoof is on the floor during one complete stride  
Step overlap (m) The lengthwise distance between the front hoof imprint and a 
subsequent imprint of the hind hoof on the same side 
Abduction (m) The sideways distance between the front hoof imprint and a 
subsequent imprint of the hind hoof on the same side 
Asymmetry in step width (m) Mean difference in step width between left and right hoof 
imprints 
Asymmetry in step length (m) Mean difference in step length between left and right hoof 
imprints 
Asymmetry in step time (s) Mean difference in step time between left and right hoof 
imprints 
Asymmetry in stance time (s) Mean difference in time that a hoof is on the ground between 
left and right hoof imprints 
Asymmetry in relative pressure 
(/) 
Mean difference in relative maximum force exerted by the legs 
between left and right hoof imprints 
* Some definitions are based on spatial gait parameters from Telezhenko (2009) 577 
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Tabel 2. Summary of the environmental and cow factors considered in this study and their definitions 608 
and classification 609 
Factor Description / Definition Classification / Unit 
Wet walking surface Cows walked over measurement zone 
during heavy rain and wind or during dry 
weather. Based on the observations, the 
measurement zone was visually wet during 
rain and cows lowered their head against 
the rain and wind. 
0  =  No rain 
1  =  Rain  
Dark environment Based on the observation, cows walked 
over the measurement zone during natural 
lighting (daylight) or during with artificial 
light in dark environments (from dusk till 
down) 
0  =  measurements 
performed during natural 
daylight; 
1  =  measurements 
performed with artificial light 
in a dark environment 
Age Age of the cows in years Number of years 
Parity Number of calvings 1 (first parity),  
2 (second parity), 
2+ (third or more parity) 
Production Milk production during morning milking kg milk 
Days In Milk (DIM) Number of days after calving 
(cfr. stage of lactation) 
Number of days 
Gestation stage Number of days after successful artificial 
insemination 
Number of days 
610 
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Table 3: Final multilevel linear model describing the factors influencing specific gait variables with β = linear regression coefficient; SE = standard error; significant P-
values are shown for the multilevel model, (SU = variables were significant (P < 0.05) at the univariable level but not at the multivariable level) 
Factor  Asymmetry in step width   Asymmetry in step length   Asymmetry in step time   Asymmetty in stance time 
  β SE P-value   β SE P-value   β SE P-value   β SE P-value 
Intercept  0.1623 0.0051    0.4246 0.0049    0.3637 0.0057    0.0049 0.0051  
                    
Darknessb         0.028     SU      
 0     0 refa             
 1     1 0.0056 0.0019            
                    
Wet 
surfacec 
   0.004     0.0043           
 0 refa    0 refa             
 1 0.0069 0.0022   1 0.0066 0.0021            
                    
Age  0.0092 0.0010 <0.0001        0.0058 0.0011 <0.0001   0.0062 0.0010 <0.0001 
                    
Parityd    SU     <0.0001     SU     SU 
 1     1 refa             
 2     2 0.0258 0.0047            
 3     3 0.0086 0.0037            
                    
Production                    
                    
DIMe    SU   0.0007 2*10-5 0.0010     SU     SU 
                    
Gest. 
stagef 
   SU     SU     SU      
a ref = reference; b Dark environment  0 or 1 = absence or presence of the influencing factor ‘dark environment’; c Wet Surface  0 or 1 = absence or presence of 
the influencing factor ‘Wet walking surface’; d Parity  1, 2 or 3 = first, second or third + parity; e DIM = Days in Milk; f Gest. Stage = gestation stage 
beta= linear regression coefficient en SE= standard error 
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Table 4: Final multilevel linear model describing the factors influencing specific gait variables with β = linear regression coefficient; SE = standard error; significant P-
values are shown for the multilevel model, (SU = variables were significant (P < 0.05) at the univariable level but not at the multivariable level) 
Factor  Asymmetry in force   Stride length   Stride Time 
  β SE P-value   β SE P-value   β SE P-value 
Intercept  10.07 0.7991    1.6621 0.0153    1.3746 0.02448  
               
Darknessb    SU           
               
               
               
Wet 
surfacec 
   SU     0.0009      
      0 refa        
      1 -0.02839 0.0076       
               
Age  0.9764 0.1611 <0.0001     SU   0.0281 0.0049 <0.0001 
               
Parityd    SU     SU     SU 
               
               
               
               
Production         SU      
               
DIMe    SU   -0.0003 7*10-5 <0.000
1 
     
               
Gest. 
stagef 
        SU   0.0005 0.0001 <0.0001 
a ref = reference; b Dark environment  0 or 1 = absence or presence of the influencing factor ‘dark environment’; c Wet Surface  0 or 1 = absence or presence of 
the influencing factor ‘Wet walking surface’; d Parity  1, 2 or 3 = first, second or third + parity; e DIM = Days in Milk; f Gest. Stage = gestation stage 
beta= linear regression coefficient en SE= standard error 
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Table 5: Final multilevel linear model describing the factors influencing specific gait variables with β = linear regression coeffic ient; SE = standard error; significant P-
values are shown for the multilevel model, (SU = variables were significant (P < 0.05) at the univariable level but not at the multivariable level) 
Factor  Stance Time   Step Overlap   Abduction 
  β SE P-value   β SE P-
value 
  β SE P-value 
Intercept  0.9182 0.0152    0.0365 0.0083    0.0087 0.0025  
               
Darknessb         0.044      
      0 Refa        
      1 -0.0074 0.0035       
               
 
 
              
Wet 
surfacec 
        SU      
               
               
               
Age  0.0203 0.0031 <0.0001     SU   0.0049 0.0005 <0.0001 
               
Parityd    SU     SU     SU 
               
               
               
               
Production         SU      
               
DIMe    SU   -0.0001 4*10-5 0.002     SU 
               
Gest. 
stagef 
   SU     SU      
a ref = reference; b Dark environment  0 or 1 = absence or presence of the influencing factor ‘dark environment’; c Wet Surface  0 or 1 = absence or presence of 
the influencing factor ‘Wet walking surface’; d Parity  1, 2 or 3 = first, second or third + parity; e DIM = Days in Milk; f Gest. Stage = gestation stage 
beta= linear regression coefficient en SE= standard error 
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Table 6: Summary of classifications of non-lame and lame cows using solely cow-gait variables obtained 
from the Gaitwise system based on the training dataset 
 
Actual Group Predicted group membership Sensitivity 
 Non-lame Lame  
Non-lame 71 29 71 % 
Lame 45 151 77 % 
Specificity 77 % 71 %  
 
 
 
 
 
 
Table 7: Summary of classifications of non-lame and lame cows using a combination of cow-gait 
variables obtained from the Gaitwise system and cow and environmental factors 
 
Actual Group Predicted group membership Sensitivity 
 Non-lame Lame  
Non-lame 81 19 81 % 
Lame 45 151 77 % 
Specificity 77 % 81 %  
 
 
 
 
 
 
 
 
 
